Abstract: Accumulating evidence regarding clinical, neurobiological, genetic, and environmental factors suggests a bidirectional link between obesity and depressive disorders. Although a few studies have investigated the link between obesity/excess body weight and the response to antidepressants in depressive disorders, the effect of weight on treatment response remains poorly understood. In this review, we summarized recent data regarding the relationship between the response to antidepressants and obesity/excess body weight in clinical studies of patients with depressive disorders. Although several studies indicated an association between obesity/excess body weight and poor antidepressant responses, it is difficult to draw definitive conclusions due to the variability of subject composition and methodological differences among studies. Especially, differences in sex, age and menopausal status, depressive symptom subtypes, and antidepressants administered may have caused inconsistencies in the results among studies. The relationship between obesity/excess body weight and antidepressant responses should be investigated further in high-powered studies addressing the differential effects on subject characteristics and treatment. Moreover, future research should focus on the roles of mediating factors, such as inflammatory markers and neurocognitive performance, which may alter the antidepressant treatment outcome in patients with comorbid obesity and depressive disorder.
Introduction
Despite the introduction of a number of antidepressant drugs and their prolonged clinical use, many patients with depression show an inadequate response to standard antidepressant therapy [1] [2] [3] [4] . Furthermore, the high levels of interindividual variability in the responses to individual antidepressants render treatment outcomes uncertain. As unresolved depression is associated with high morbidity and has a negative impact on health care utilization and costs due to the extensive use of medical services, it is important to identify the risk factors of poor treatment outcome. Moreover, predictors of responses to specific antidepressants or within a specific population are also needed to allow appropriate treatment planning in individual cases [5] .
However, although a number of factors that potentially increase the likelihood of an inadequate response and contribute to high interindividual differences in the response to antidepressants have been discussed, there are no reliable predictors of the clinical response to antidepressants [6] [7] [8] . Among the possible predictors of treatment response in depressive disorder, obesity may contribute to a poor treatment response [9] . Several studies suggest that a higher relative body weight or obesity may predict a poor outcome to antidepressant treatment [10] [11] [12] [13] [14] . However, these studies differed in subject demographic and clinical characteristics, study design and duration, antidepressants administered, and definition and measures of obesity/excessive body weight. In addition, a few studies found no association between obesity/body weight and treatment response [15] [16] [17] . These differences and discrepancies preclude reaching definitive conclusions based on these previous studies.
If obesity or excess body weight is shown to be a reliable predictor of treatment outcome in patients with depressive disorder, body weight and body mass index (BMI) could be useful and plausible measures, because they are easily obtained and are likely to influence drug responses through pharmacokinetic and pharmacodynamics mechanisms [18] . Although Mansur et al. [19] reviewed the literature extensively regarding the relationship between obesity and mood disorders, they focused mainly on the potential role of obesity in the pathophysiology of mood disorders, and the association between obesity/excess body weight and treatment outcomes remains unclear.
The aims of this literature review were to discuss the relationship between obesity/excess body weight and the outcome of antidepressant therapy in patients with depressive disorders, and to investigate the possibility of obesity/excess body weight as a predictor of antidepressant efficacy in terms of the degree of improvement in depressive symptoms and rates of response and remission. In addition, we review possible clinical and demographic factors that could modulate this relationship, as well as the possible biological mechanisms underlying the effect of obesity/excess body weight on treatment outcome in depression.
Search Methods and Selection Criteria
To identify studies on the relationship between obesity/excess body weight and treatment outcome in patients with depressive disorders, we performed a comprehensive literature search using Medline, Embase, and the Cochrane Library on 25 August 2015, using the following search terms: (depression or depressive disorder or depress*), (response or remission or outcome or efficacy or effective* or resistant or resistance depression or depressive), (obesity or body mass index or overweight or BMI or weight), and (antidepressant or antidepress*). We did not filter papers by age/sex or other demographic characteristics. Two independent reviewers (Young Sup Woo and Hye-Jin Seo) determined whether the studies met the selection criteria. Studies were included in our review if they (1) investigated the relationships among depression, treatment outcome, and obesity/excess body weight and (2) were written in English. Studies were excluded if they included only patients with bipolar depression. In addition, the reference lists in the selected articles were searched manually to identify additional references. Table 1 presents a summary of studies that evaluated the relationship between body weight and the response to antidepressants. In 2005, Papakostas et al. [10] investigated 369 adult outpatients with major depressive disorder (MDD) and a 17-item Hamilton Depression Rating Scale (HAMD) score of ě16 at baseline. The subjects were administered open-label, fixed-dose 20 mg fluoxetine for 8 weeks, and those showing a partial or no response to fluoxetine treatment were enrolled in a 4-week, double-blind, randomized study comparing high-dose fluoxetine with augmentation of fluoxetine with desipramine or lithium. They reported the prevalence of overweight (BMI) ě 25 kg/m 2 ) as 51.4% and that of obesity (BMI ě 30 kg/m 2 ) as 20.0% at baseline. In their study, greater relative body weight (BMI as a continuous variable) increased risk of non-response (p = 0.049, 95% confidence interval (CI) = 1.00-1.08), but the presence of obesity was not significantly associated with non-response to treatment (p = 0.160), and the presence of overweight showed trend-level significance (p = 0.067). The predictive value of BMI for the response to antidepressants was supported by Khan et al. [11] .
Effects of Body Weight on Changes in Scale Score/Response Rate in Clinical Trials
They evaluated antidepressant responses in 274 adult outpatients with moderate to severe unipolar depression participating in one of 15 randomized, double-blind, placebo-controlled, phase II-IV clinical trials that used selective serotonin reuptake inhibitors (SSRIs; citalopram, escitalopram, fluoxetine, paroxetine, or sertraline) or placebo. Because there was no difference in the mean change in the HAMD-17 score between the normal and overweight groups, the patients were divided into the obese (BMI ě 30 kg/m 2 ) and non-obese groups. In their study, with an obesity prevalence rate of 33.9%, when adjusting for baseline severity, non-obese patients showed a greater change in the HAMD-17 score than did obese patients. There was a significant effect of BMI on HAMD-17 score change (p = 0.018). The effect of obesity on the Montgomery-Åsberg Depression Rating Scale (MADRS) score was not statistically significant (p = 0.075).
In a large study designed to discover biomarkers and genotypes predictive of clinical outcome in MDD patients, Kloiber et al. [12] reported a slower clinical response in patients with a high BMI (>25 kg/m 2 ). In their study, 320 inpatients with MDD were divided into a normal-BMI group (ď25 kg/m 2 , n = 173, 54.1%) and a high-BMI group (>25 kg/m 2 , n = 147, 45.9%). Various antidepressants were administered at the discretion of the attending physician. The high-BMI group showed a significantly slower response to antidepressant treatment (p < 0.01) over five weeks. The high-BMI group was divided into overweight (25 kg/m 2 < BMI ď 30 kg/m 2 ) and obese (BMI > 30 kg/m 2 ) groups, and the slowest improvement was observed in the obese patients (p < 0.05). The difference between obese patients and those with a normal BMI was significant (p = 0.05), and there was a trend between overweight and normal-weight patients (p = 0.07). The response rate on the HAMD-21 after 5 weeks was 50.0% in normal-BMI patients, 46 .5% in overweight patients, and 17.4% in obese patients. The obese patients had a >4-fold higher risk of no response than did normal BMI patients (OR = 4.49, 95% CI = 1.48-13.64, p < 0.01). The authors reported that reduced improvement during antidepressant treatment in high-BMI patients was accompanied by smaller improvements in attention and hypothalamic-pituitary-adrenal (HPA) axis dysregulation compared with normal-BMI patients. In another study investigating the association of BMI and response to antidepressants in 797 patients with MDD of at least moderate severity, a higher BMI (as a continuous variable) at baseline was a significant predictor of a poorer outcome on the MADRS scale in the whole sample (p = 0.025), and remained significant after controlling for sex, age, and treatment with escitalopram or nortriptyline (p = 0.046) [18] . In addition to BMI, obesity (BMI > 30 kg/m 2 ) predicted worse outcome on MADRS (p = 0.022).
Poor treatment outcome in obese patients with depression was also previously reported in a meta-analysis. Oskooilar et al. [13] performed a meta-analysis on data from three completed clinical trials of MDD patients using an 8-week, double-blind, active-controlled comparison design. The participants were adult outpatients (n = 59) treated with SSRIs or serotonin and norepinephrine reuptake inhibitors (SNRIs). At baseline, the mean HAMD scores were not significantly different between normal BMI, overweight (25 kg/m 2 ď BMI < 30 kg/m 2 ), and obese (BMI ě 30 kg/m 2 ) groups. After 8-week antidepressant treatment, the changes in scores for all depressive symptom measures (HAMD, MADRS, Clinical Global Impression-Severity (CGI-S)) were significantly different in the normal BMI group compared with the overweight and obese groups. The results of the overweight and obese groups were not significantly different from each other.
The negative effects of obesity/excess body weight on treatment response were also observed in a long-term study. Dennehy et al. [14] analyzed data from a cohort of subjects with depressive disorders over a 6-month follow-up. They applied a definition of "sustained remission" in that subjects with a Quick Inventory of Depressive Symptomatology-Self-Rated (QIDS-SR) score of ď5 at both the initial and 6-month survey assessment were considered to be in sustained remission from depression. Of the 640 patients included in the study population, 140 (21.9%) were in sustained remission, and 348 (54.4%) had not achieved remission at either the initial or 6-month visit. Comparing these two groups of patients, non-remitters had a higher mean BMI (29.8˘8.5 kg/m 2 vs. 27.3˘6.4 kg/m 2 , respectively, p < 0.001) and were more likely to be obese (11.8% vs. 4.3%, respectively, p = 0.011) compared with the remitters. 
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TRD: failure to achieve ě50% reduction after ě2 antidepressant therapies over ě8 weeks Oskooilar et al. [13] Meta Preliminary results obtained by our group (unpublished) also supported the long-term association of treatment-resistant depression (TRD) and baseline obesity. In that study, we analyzed data from a nationwide prospective study of 541 Korean patients with depressive disorders. For 52 weeks, the subjects were treated with various antidepressants according to the decision of the attending clinician. Baseline obesity was defined as a BMI ě 25 kg/m 2 . During the 52 weeks, TRD patients (obesity prevalence = 32.0%) were 1.6-fold more likely to be obese than were non-TRD patients (obesity prevalence = 21.5%, 95% CI = 1.02-2.35, p = 0.039).
However, not all studies support a negative effect of body weight on antidepressant responses. Sagud et al. [15] reported that a high BMI (ě27.5 kg/m 2 ) and central obesity (waist circumference ě102 cm in men, ě88 cm in women) were not associated with treatment resistance in MDD. In their study investigating the relationship between TRD and metabolic syndrome and its components in 203 patients with MDD, TRD was observed in 26.1% of patients, and metabolic syndrome was observed in 33.5% of patients. The prevalence rates of high BMI in TRD and non-TRD patients were 45.3% and 47.3%, respectively (p = 0.923). The prevalence of central obesity was not significantly different between TRD (37.7%) and non-TRD (31.3%) patients (p = 0.495). These results were not changed after adjusting for sex and age. The odds ratio of treatment resistance for high BMI vs. normal BMI was 0.935 (95% CI = 0.419-2.089), and that for central obesity was 0.983 (95% CI = 0.466-2.072).
Toups et al. [16] also investigated the moderating effect of obesity on antidepressant treatment outcomes in 662 chronic or recurrent MDD patients treated with escitalopram, bupropion, venlafaxine, mirtazapine, or combinations of these antidepressants. Subjects were categorized into 4 groups for the analysis; normal or underweight (BMI < 25 kg/m 2 ), overweight (BMI 25-29 kg/m 2 ), obese I (BMI 30-34 kg/m 2 ), and obese II+ (BMI ě 35 kg/m 2 ). The authors did not find any differences in antidepressant treatment outcomes across the BMI classes. In week 12, there were no significant differences among the BMI groups with respect to overall outcome, measured as QIDS-SR remission or response. The frequency, intensity, and burden of side effects were also not significantly different across groups in week 12, after adjustment. In week 28, there were no differences in depression outcome or functional measures among groups.
Furthermore, in a recent study regarding the effects of metabolic/inflammatory dysregulation on an antidepressant treatment course [17] , abdominal obesity (waist circumference >88/102 cm (women/men)) was not associated with a 2-year chronicity of depressive disorders, which was indicative of no response to antidepressants. The prevalence of abdominal obesity was 42.3% in patients achieving remission and 40.7% in chronic patients (p = 0.770). After adjusting for age, sex, and other confounding variables, the association of abdominal obesity with depression chronicity was not significant (OR = 0.92, 95% CI = 0.56-1.52). Rather, significant predictors of depression chronicity were elevated: interleukin-6 (IL-6), low high-density lipoprotein (HDL)-cholesterol, hypertriglyceridemia, and hyperglycemia. These results indicated that a certain degree of inflammatory and metabolic dysregulation, but not abdominal obesity, could worsen the course of depression due to a reduced antidepressant treatment response.
Possible Explanations for the Variability in Results among Studies
The discrepancies in the results of the above studies investigating the relationships between obesity/excess body weight and antidepressant responses could be attributed to sample composition (e.g., age and sex of the patients), heterogeneity among depressive symptoms, other comorbid medical conditions, or differences in the antidepressants administered.
Atypical Depressive Symptoms
A general consensus is that clinical heterogeneity complicates efforts to identify the biological, genetic, and environmental underpinnings of depression [24] . Especially, the atypical subtype is thought to contribute to the variability in associations with biological measures. Patients with atypical subtype depression tend to have a higher prevalence of metabolic syndrome, and in particular its obesity-related disturbances [25] , and show higher inflammatory levels of inflammatory markers [20, 21] .
Hence, the differential effect of obesity/excess body weight on improvement of atypical depressive symptoms could provide insight into the relationship between body weight and antidepressant treatment outcome. Among the studies discussed above, three included measures for atypical symptoms. Kloiber et al. [12] reported a correlation between high BMI and atypicality at baseline. A higher baseline BMI was associated with a significantly lower score on the HAMD subscale for neurovegetative symptoms (non-atypical subscale; loss of weight, insomnia, and loss of appetite) but did not differ in the remaining 16 items at baseline. Consistent with this result, Toups et al. [16] reported that atypical features were more common in high-BMI subjects, and melancholic features were more common in low-BMI subjects, consistent with the diagnostic criteria of increased and decreased appetite, respectively, for these subtypes. With increasing BMI, the rate of subjects with atypical features increased (p = 0.037), but the rate of melancholic features decreased (p = 0.028).
The discrepancies among the results of the above studies may be related to the effects of atypical features on the association between obesity and antidepressant responses. According to Uher et al. [18] , the moderation of the response to antidepressants by BMI was relatively specific to neurovegetative symptoms. The high-BMI patients showed less improvement in the neurovegetative symptoms of sleep and appetite (p < 0.001). However, baseline BMI did not significantly predict changes in mood or cognitive symptoms. With regard to continuous BMI measurements, the moderating effect of obesity strongly influenced changes in neurovegetative symptoms, modestly but significantly influenced observed mood (p = 0.031), and weakly influenced cognitive symptoms (p = 0.058). The authors suggested that these observations indicated the moderating effect of body weight on antidepressant responses is relatively specific to neurovegetative symptoms [18] . However, atypical features did not affect the negative association between obesity and antidepressant responses in a study by Toups et al. [16] . It should be taken into consideration that there are two major elements of atypical depression, i.e., reverse neurovegetative symptoms and reactivity of mood [22] . Benazzi [23] proposed the exclusion of mood reactivity from the atypical feature specifiers for unipolar depression. It is possible that neurovegetative symptoms, and not mood reactivity, have a moderating effect on the relationship between obesity and antidepressant responses.
Overall, although there are still insufficient results to allow definitive conclusions to be drawn, the association of atypical features and obesity/excess body weight could be regarded as supported [26, 27] , and the moderating effect of atypical features on antidepressant responses by obesity/excess body weight was also supported. Furthermore, the "cytokine hypothesis" of depression could be extended from the development of depression [28] to its clinical course, based on overlapping findings among atypical features (especially neurovegetative symptoms), poor treatment outcome, and obesity in inflammatory and metabolic components related to inflammation [17, 21, 29] .
Sex Differences
The results of epidemiological studies indicated the effects of sex on the association between body weight and treatment outcome [30, 31] . In a study by Khan et al. [11] , obesity was associated with poor antidepressant responses in men, whereas women showed significant improvement regardless of BMI category. Obese males treated with antidepressants showed no significant improvement in the HAMD-17 or MADRS score compared with the changes seen in the placebo group. Females in both BMI categories (obese and non-obese) and non-obese male subjects treated with SSRIs showed a significant improvement in HAMD-17 and MADRS scores compared with subjects assigned a placebo. However, in another study that reported an association between worse treatment outcome and obesity [18] , sex had no effects on the overall response to antidepressants or the moderation of antidepressant responses by body weight (p = 0.317). However, the role of sex in the association between obesity and poor improvement was significant when neurovegetative symptoms were considered as an outcome. The effects of obesity on changes in neurovegetative symptoms were strongest among men treated with nortriptyline (p = 0.005) and moderate in women treated with either nortriptyline (p = 0.020) or escitalopram (p = 0.013). The effect was not significant among escitalopram-treated men (p = 0.482).
In our preliminary results (unpublished), TRD was associated with male sex (OR = 1.82, 95% CI = 1.20-2.75, p = 0.005). When we stratified the subjects into three groups, i.e., males, premenopausal females, and post-menopausal females, obesity predicted treatment resistance only in post-menopausal female TRD patients (OR = 2.41, 95% CI = 1.25-4.66, p = 0.009). The effect of obesity on treatment resistance was not significant in males or premenopausal females. In male subjects, the presence of one or more of hypertension, hyperglycemia, and hypercholesterolemia predicted TRD (OR = 2.32).
The three-way interaction among sex, obesity/excess body weight, and treatment response should be investigated in detail in future studies. Although there are supporting results, the directions of the findings are inconsistent. A poor response has been associated with obesity in men treated with serotonergic antidepressants [11] and noradrenergic antidepressants, but not in either sex treated with serotonergic antidepressants [18] or post-menopausal women treated primarily with SSRIs or SNRIs in our preliminary experiments.
The different responses may be the result of differential body fat percentage and distribution occurring as a function of obesity and sex, rather than overall body weight [32] . There is increasing evidence suggesting that visceral adipose tissue is an important source of inflammatory adipocytokines (e.g., tumor necrosis factor-α (TNF-α), IL-6, plasminogen activator inhibitor-1, IL-6, and angiotensinogen) and hormones (e.g., leptin, adiponectin, and resistin) [33] [34] [35] . Visceral adipose tissue from obese subjects has also been shown to secrete higher levels of these proinflammatory adipocytokines compared with non-obese subjects [36] [37] [38] . In a recent meta-analysis [39] , patients with higher levels of inflammation at baseline responded less well to subsequent treatment, although this finding was not statistically significant. Moreover, a significant decrease in TNF-α levels was observed only in treatment responders, whereas treatment resistance was associated with persistently elevated TNF-α levels. Estrogen may protect against this increase in inflammation in treatment non-responsive depressive disorders. Studies in postmenopausal women have shown a reversal of increased adipocytokines caused by increased visceral adiposity during menopause [40] with repletion of estrogen [41, 42] and a specific anti-inflammatory action of estrogen on the brain [43, 44] . Moreover, estrogen decreases neuroinflammation by modulating microglial activity [43] .
In addition, the role of estrogen should be considered as a modulating factor of sex differences in treatment outcome to different classes of antidepressants in obese patients. The results of several studies [45] [46] [47] [48] [49] , but not all [50, 51] , support a role of estrogen in modulating serotonergic antidepressant responses. Premenopausal women are more responsive to serotonergic antidepressants than norepinephrinergic tetracyclic antidepressants [46] . The literature includes evidence supporting the enhanced role of estrogen in the serotonergic system [52] [53] [54] [55] [56] . In preclinical and clinical studies, estrogen administration enhanced the antidepressant effect of SSRIs [57] [58] [59] .
Among three studies reporting negative associations between obesity and antidepressant responses, two [16, 17] included information regarding the influence of age and sex. In these two studies, the proportion of female subjects was relatively high (63.8%-68.1%) compared with studies reporting positive associations (53.9%-62.4%), with the exception of one study by Dennehy [14] that reported an association between non-remission and obesity without adjusting for sex differences. Since the mean age at menopause is approximately 50 years [60] , and the mean age of the subjects in the abovementioned studies was early 40s, it is possible that a large portion of subjects were premenopausal women, which may have increased the likelihood of a negative association between obesity and a poor response to antidepressants.
Medical Comorbidities
Interestingly, all three studies that reported negative associations between obesity and the response to antidepressants assessed the presence of comorbid medical conditions, while none of those with positive results did. The poor antidepressant treatment outcome of depressive disorders was associated with higher glucose levels [15] , low HDL-cholesterol levels, hypertriglyceridemia, and hyperglycemia [17] . However, as the lack of an association between obesity and poor treatment outcome was observed upon univariate analysis before adjusting for comorbid conditions, this could be merely a coincidence. Future studies should therefore include medical comorbidities as covariates.
Class of Antidepressants
In one study investigating the association of BMI and the response to antidepressants, BMI differentially predicted a poor response to escitalopram, a serotonin reuptake inhibitor and nortriptyline, a noradrenaline reuptake inhibitor [18] . In that study by Uher et al., there was a significant effect of baseline BMI among nortriptyline-treated (p = 0.003), but not escitalopram-treated, subjects (p = 0.547). In addition to BMI, obesity (BMI > 30 kg/m 2 ) also predicted a worse outcome in the MADRS total score change among nortriptyline-treated (p = 0.001), but not escitalopram-treated, subjects.
In contrast to the above results, a study of adolescent TRD subjects [61] did not support different effects of BMI on treatment response to different antidepressant classes. With respect to treatment course, rates of remission at 24 weeks were unrelated to BMI in univariate analyses (p = 0.77) and after adjustment for baseline differences in age and drug-and alcohol-related impairments (overweight vs. normal weight: OR = 1.15, 95% CI = 0.58-2.27, p = 0.70; obese vs. normal weight: OR = 0.88, 95% CI = 0.50-1.55, p = 0.65). No moderating effect of BMI on treatment outcome (medication, p = 0.82; cognitive behavior therapy, p = 0.64) on remission was detected.
As the subjects of most studies included in the present review were treated with various antidepressants, it is difficult to interpret the effects of antidepressant classes. The effects of antidepressants with different modes of action on treatment response in patients with obesity should be investigated in future studies.
Mechanisms Underlying the Association between Obesity and Antidepressant Responses
As shown in a recent review by Mansur et al. [19] , obesity is closely related to depressive disorders. However, the nature of this association remains poorly understood [19] , and the mechanisms underlying the potential association between obesity and treatment outcome to antidepressant treatment have not been fully established.
Phosphoinositide 3-Kinase (PI3K)/Protein Kinase B (Akt)/Glycogen Synthase Kinase (GSK)-3β Pathway Regulation By Adipocytokines
One of the suggested mechanisms to account for the possible association between obesity and antidepressant responses in depressed patients is insulin resistance. Brain insulin resistance implies that an increase in insulin levels does not induce an increased neuronal activity in obese individuals in contrast to lean individuals [62] . Brain insulin resistance caused by obesity is associated with alterations in neurocircuits and brain regions suggested to be involved in affective disorders [63] , including the prefrontal cortex [64, 65] , amygdala/hippocampus [65] , anterior cingulate cortex [66] , and ventral striatum [65] . Recent studies suggested that these brain regions may also be related to antidepressant responses [67] [68] [69] [70] , and some of these brain regions overlapped with those showing a high insulin receptor density and mRNA expression levels [71] [72] [73] [74] . In these regions, insulin inhibits the reuptake of norepinephrine, and neuronal firing modulates norepinephrine and dopamine transporter mRNA concentration and catecholamine turnover and stimulates phosphoinositol turnover [74] [75] [76] [77] [78] . Furthermore, insulin disturbance may affect the metabolism of brain monoamines and expression of serotonergic receptors in diabetic animal models and humans [79] [80] [81] [82] [83] . The association between insulin signal impairment and antidepressant effects can be explained by the role of insulin signaling molecules, including glycogen synthase (GSK)-3β, mammalian target of rapamycin (mTOR), protein kinase B (Akt), and extracellular signal-regulated kinase (ERK) 1/2 [84] . The phosphoinositide 3-kinase (PI3K)/Akt pathway and its components, including GSK-3β and mTOR, have been implicated in the response to antidepressants [85] .
Inflammatory Dysregulation
The most likely mechanism connecting obesity to antidepressant responses in depressive disorders is inflammatory dysregulation, which has been recognized as a core feature of obesity and has also been shown to be involved in depressive disorders [19] . Obesity is now considered to be a persistent, low-grade, proinflammatory state [86] . Adipose tissue, as an active endocrine organ, secretes proinflammatory factors, including IL-1, IL-6, TNF-α, and C-reactive protein [87] . In addition, adipose tissue macrophages may be a source of proinflammatory factors and can regulate the secretory activity of adipocytes [88] . Peripheral proinflammatory cytokines cross the blood-brain barrier (BBB) via specific transporters [89] . In addition, peripheral inflammatory mediators may enter the brain through somewhat compromised sites of the BBB, i.e., at circumventricular organs [90] . Local release of cytokines can also stimulate peripheral afferent nerve fibers that innervate peripheral tissues, such as the vagus nerve, ultimately activate microglia to produce cytokines in the brain [91] . Obesity may negatively affect prognosis and outcome in depressive disorders through various inflammatory processes [92] [93] [94] [95] [96] . Several studies have shown that high levels of proinflammatory cytokines are associated with a reduced responsiveness to antidepressant therapy [97] [98] [99] [100] and increased severity of depression [100] [101] [102] .
The regulation of the PI3K/Akt/GSK-3β pathway may also be involved in the associations between obesity-induced inflammation and antidepressant responses. Brain IL-1β and TNF-α signaling result in subsequent activation of c-jun N terminal kinase (JNK), which leads to inhibition of the insulin receptor substrate 1 (IRS1)/PI3K/Akt pathway [103] . The PI3K/Akt signaling pathway in the brain regulates the molecular mechanisms of depression [104] . As PI3K and Akt seem to regulate key inflammatory cytokines resulting in immune cell activation [105] , Akt and GSK3 signaling changes may contribute to specific therapeutic effects on depression [106] . Brain intracellular signal transduction systems, including the Akt/GSK3 pathway, have been shown to be altered in patients with psychiatric illness [107] . In addition, both serotonin and dopamine exert their actions, in part, by modulating Akt/GSK3 activity [108] . Proinflammatory cytokines induced by adipose tissue may affect the treatment response of patients with depressive disorders through these signaling pathways.
PI3K pathways regulate metabolism, cell growth, and cell survival [109] . The phospholipid second messengers generated by the PI3Ks provide a common mechanism for multiple steps of intracellular signal transduction [106] . Akt is a major downstream target of the PI3Ks for regulating cell growth and cell migration [110] . Phosphatidylinositol 3,4,5-triphosphate (PIP3), a product of PI3K, binds to Akt and leads to membrane recruitment of Akt. The activation of Akt leads to phosphorylation of GSK3β, which is active in resting cells but is inactivated by phosphorylation [106] .
A chronic, low-grade inflammatory state within visceral adipose tissue contributes to insulin resistance through activation of inflammatory signaling cascades within immune cells (e.g., macrophages) [111, 112] . The PI3K/Akt/GSK3β pathway is also a key mechanism in the regulation of glucose transport and insulin metabolism in insulin-sensitive peripheral tissues [103, 113, 114] . The serine/threonine kinase GSK3β plays roles in the regulation of many brain functions, including the control of energy homeostasis and mood [115] .
This pathway has emerged as a mediator of antidepressant effects of commonly used psychotropic agents [116] . Antidepressants, such as fluoxetine and imipramine, and lithium were demonstrated to increase Akt activity [117] [118] [119] . GSK3β has been well characterized as a target of the mood stabilizers lithium and antidepressants, which can directly or indirectly block its actions [120] . The actions of several key neurotransmitter receptors, whose crucial roles in antidepressant mechanisms of action have been well established, were shown to potentiate Akt activity, thus mediating these effects [104] . This was found to be the case for serotonin 1A (5-HT1A) [121] and 5-HT1B [122] receptors, cannabinoid receptor subtype 1 (CB1R) [123] , brain-derived neurotropic factor (BDNF) receptor, i.e., tropomyosin receptor kinase B (TrkB) [124] [125] [126] , and the insulin receptor [104, 127, 128] . Akt is also involved in the regulation of survival transcription factors, such as nuclear factor κB (NF-κB) and cyclic AMP response element binding protein (CREB), as well as those involved in pro-death gene expression, such as the forkhead box O (FOXO) family [129] . For example, the stimulation of 5-HT receptors leads to activation of Akt and subsequent inhibition of GSK3β or transcription factor FOXO activity [104] . These effects were shown to be induced via inactivation of molecules positively correlated with a depressive-like phenotype, such as GSK3β and FOXO3a, by phosphorylation [104] . Overall, antidepressants acting on 5-HT can be considered to activate Akt and inhibit GSK3β. Thus, obesity may attenuate depression treatment responses through induced inflammatory cytokines that alter Akt and GSK3β activity, resulting in changes in several key neurotransmitters.
The mediating role of adipocytokines on antidepressant responses in depressive disorders could be related to diminished levels of BDNF [130] . These cytokines decrease the expression BDNF and CREB and increase the expression of NK-κB, a primary transcription factor that functions in the initiation of inflammatory responses [131] . BDNF binds to the TrkB receptor and activates multiple signaling cascades, such as PI3K/Akt pathway and extracellular signal-regulated kinase 1/2 (ERK1/2) pathway [132] , which regulate the transcription factor CREB [133, 134] . CREB has been reported as a key mediator of BDNF-induced gene expression and cell survival [135] . Decreased expression of BDNF leads to decreased neuronal repair, decreased neurogenesis, and increased activation of the glutamatergic pathway, which also contributes to neuronal apoptosis [130] . Stimulation of the extra-synaptic N-methyl-D-aspartate (NMDA) glutamate receptor not only causes excitotoxic damage to the neurons and astrocytes, but also results in a decrease in synthesis of BDNF [136] . The net result of these changes is loss of astrocytes and oligodendroglia and neuronal apoptosis, particularly in the subgenual prefrontal cortex, amygdala, and hippocampus, brain regions thought to be crucially involved in the genesis of the symptoms of depressive disorder [137] .
Disturbances in hippocampal neurogenesis may contribute to the symptoms of depression [138] . The antidepressant effects of electroconvulsive therapy were accompanied by inducing hippocampal neurogenesis in adult non-human primates [139] . Disruption of antidepressant induced hippocampal neurogenesis by selective irradiation of the hippocampus also blocked the antidepressant effects of fluoxetine and imipramine [140] , suggesting that neurogenesis is fundamental in determining the functional consequences of antidepressant treatment [138] .
Another possible mechanism by which inflammation affects antidepressant responses is serotonin metabolism. The activity of indoleamine 2-3 dioxygenase (IDO), a catabolizing enzyme of tryptophan and serotonin, was elevated in the plasma of depressed patients and enhanced by a proinflammatory cytokines [141] . Activation of this enzyme leads to increased consumption of tryptophan, thus reducing the availability of serotonergic neurotransmission and inducing the production of detrimental tryptophan catabolites with neurotoxic effects [142] . It has also been shown that the activity of the dopaminergic system is reduced in response to inflammation [143] , while cytokines enhance the reuptake of monoamine neurotransmitters, thereby reducing their functionally important intrasynaptic concentrations in the brain [144] .
Increased levels of the neurotoxic tryptophan catabolite quinolinic acid cause excitotoxic neurodegenerative changes [145] . This neurodegeneration can contribute to changes in brain structure and function and to treatment resistance in depressive disorder [141] .
In addition, disturbances in neurotransmitter function can lead to increased mood symptoms and to changes in treatment response to medications targeting monoamine neurotransmitters in depressive disorder [146, 147] .
Oxidative/Nitrosative Stress
Obesity and depressive disorders share the pathophysiology of increased oxidative and nitrosative stress and reduced antioxidant defenses. Antioxidants are inversely associated with both obesity [148] [149] [150] and MDD [151] , and oxidative/nitrosative stress pathways are involved in treatment resistance and in the mechanisms of action of antidepressants [152] . Moreover, lowered serum levels of antioxidants, such as coenzyme Q10 and zinc, could be biological markers of treatment resistance to antidepressant therapy [153, 154] . In the depressed state, compromised antioxidant defenses [155] activate oxidative/nitrosative stress pathways and damage to fatty acids, proteins, DNA and mitochondria, and initiate autoimmune responses [156] . Moreover, damage by oxidative/nitrosative stress and subsequent autoimmune responses are major causes of progression and chronicity in MDD [157] [158] [159] . Oxidative/nitrosative stress pathway activation could be induced by inflammation, which damages lipids, DNA, and proteins, resulting in mitochondrial dysfunction and increased apoptosis, cell membrane damage, and protein aggregation [160] . TNF-α and IL-1 induce both astrocytes and microglia to release reactive oxygen and nitrogen species that amplify oxidative stress and impair glutamine reuptake, which is especially vulnerable to oxidative damage [161, 162] . Reactive oxygen species (ROS) are generated along the electron transport chain as a product of mitochondrial respiration. Under physiological conditions, ROS are detoxified by endogenous antioxidant enzymes (e.g., superoxide dismutase). Under pathogenic conditions, an imbalance occurs between ROS accumulation and elimination, resulting in hazardous effects on lipids, proteins, DNA, and the immune system, e.g., neoepitopes [163] . Correlations have been reported between severity of depression and the magnitude of disturbances in oxidative indices [164] . Andreazza et al. [165] found that bipolar disorder is associated with a marked increase in DNA damage in white blood cells due to oxidative stress, and such DNA damage was correlated with the severity of depressive symptoms. Oxidative and nitrosative stress can also be more pronounced in cases of unipolar depression with more severe presentation (e.g., suicidality) [166] .
Summary with Conclusions
In conclusion, accumulating evidence has indicated that the relationship between depressive disorder and obesity is bidirectional rather than a simple comorbidity. In this review, we also discussed the possible relationship between obesity and antidepressant responses in depressive disorders. As obesity is a core feature of metabolic syndrome [167] , the concept of "metabolic-mood syndrome" suggested by some authors [74, 168, 169] could be expanded to include the association between obesity and antidepressant responses.
In summary, the negative impact of obesity on treatment outcomes was suggested by several studies, and it implies that obesity should be considered a predictor of poor treatment response and should be managed together with depressive symptoms. It is likely that treatment options targeting mechanisms underlying the associations between obesity and poor antidepressant response will have superior outcomes in obese patients with depressive disorders. Moreover, restrained use of antidepressants with weight-gain potentials in early phase of treatment would be beneficial to patients at risk of obesity or related morbidities. It is also noteworthy that male sex and post-menopausal state or atypical features of depression might increase the risk of poor treatment outcomes associated with obesity.
However, some studies have suggested possible confounding effects of sex, age, menopausal status, psychopathology, other medical comorbidities, and antidepressants. Moreover, most studies did not analyze the mechanisms underlying the association between obesity and antidepressant responses. For example, evidence suggests that neurocognitive dysfunction, considered a core feature of mood disorders, is more prominent in overweight/obese individuals with mood disorders [170] . Furthermore, elevation of inflammatory cytokine levels could induce cognitive and affective dysfunction [171] . Therefore, further studies are required to characterize the interactions between obesity and antidepressant responses in more homogenous populations with potential mediators, including cognitive measures and inflammatory markers. Such investigations would yield an improved understanding of the mechanisms underlying the effects of antidepressants on depressive disorders, potentially leading to novel treatments that could improve the treatment outcomes for depressive disorders.
